This review discusses different aspects of the uropygial gland of birds. The gland exhibits a striking morphological diversity in size, shape and presence/absence of tufts of feathers. It was shown that acidic mucins, neutral lipids, glycolipids and phospholipids are normal components of secretion. Several morphological and physiological aspects of the gland were studied on Rock Pigeon Columba livia Gmelin, 1879. The amount of the uropygial gland secretion, its lipid content and fatty acids profile were determined. The extracted lipid mixture contained of C14 to C20 fatty acids, mostly unsaturated; the saturated fatty acids were mainly 14:0, 16:0 and 18:0. No correlation was found between the size of the gland and the aquatic/terrestrial nature of the species. Ablation of the gland did not affect survival, body weight, feeding rate and serum cholesterol, total lipids or calcium levels after 32-120 days. The possible role of the gland in the protection against lipophilic compounds was discussed. The function of the gland is still a subject of controversy. It is accepted that its secretion confers water-repellent properties on the feather coat and maintain the suppleness of the feathers. Other physiological roles of the gland secretion may be associated to pheromone production, control of plumage hygiene, thermal insulation and defence against predators. Concerning the endocrine regulation of the uropygial function, there is scarce information presenting evidence for steroid regulated mechanisms.
Introduction

Description of the gland
The skin of birds is adapted to their life style. It is thinner than in mammals of equal size. Avian skin lacks sweat and sebaceous glands, yet the epidermis itself is lipogenic, producing neutral fats and phospholipids (Lucas, 1980) . The entire skin acts as a sebaceous secretory organ, with the preen gland and the ear glands as specialized parts (Menon et al., 1981; Stettenheim, 2000) .
There has been research into the uropygial gland since the middle of the thirteenth century and ever since then, researchers have gathered information on its anatomy, histology, secretion chemistry, function, etc. There are several valuable reviews, e.g. Elder (1954) , Lucas and Stettenheim (1972) , Jacob and Ziswiler (1982) , Menon and Menon (2000) and Johnston (1988) , that provide insight and discuss different aspects of the gland. Our aim is to present and discuss briefly the most relevant aspects referred to the gland and integrate our own results with those of other authors.
The uropygial gland in birds is one of the integumentary glands that exist in birds. It is a bilobate sebaceous organ, variable both in shape and size (Lucas and Stettenheim, 1972; Sawad, 2006) , located dorsally between the fourth caudal vertebrae and the pygostile. The gland is invariably present at embryonic stages, whereas it can be vestigial in adults of certain orders, families, genera and species. It is completely absent in Struthionidae, Rheidae, Casuaridae, Dromaidae and in a few species of Columbidae and Psittacidae (Johnston, 1988) .
It is a holocrine gland enclosed in a connective tissue capsule made up of glandular acini that deposit their oil secretion into a common collector tube ending in a variable number of pores, most usually two. Each lobe has a central cavity that collects the secretion from tubules arranged radially around the cavity. The gland secretion is conveyed to the surface via ducts that, in most species, open at the top of a papilla (Jacob and Ziswiler, 1982) .
Descriptions of the gland of different taxa and systematic classifications based on its morphology and the chemical nature of secretory lipids have been provided by several authors (Jacob and Zeman, 1972; Johnston, 1988; Sandilands et al., 2004a,b) . There is a striking morphological diversity of the uropygial gland in regard to size, shape and the presence or absence of the tuft of feathers (Jacob and Ziswiler, 1982; Johnston, 1988; . Figure 1 shows some morphological types of the gland in adults of different bird species representatives of the Neotropical and Antarctic Region.
The information available does not provide unequivocal proof of any possible relationship between the morphological features of the gland and their significance in environmental adaptation. It would be very interesting to determine the selection pressures that might explain the Many authors hold that the function of this gland is closely connected with the hydrophobic properties of secretion, which would have an essential role in protecting the body surface of the birds from the environment, particularly in plumage waterproofing (Jacob, 1992) . Early studies showed that the secretion served as a water repellent, which prevented the birds from getting wet. However, we have shown that there is no clear-cut correlation between the size of the gland and the aquatic/ terrestrial nature of the species .
Other authors have postulated that the change in wax viscosity may be related to the formation of the more brilliant plumage required for courtship (Piersma et al., 1999) . Later Reneerkens and Korsten (2004) did not find support for their idea.
A possibility that cannot be disregarded is that the degree of contact with water might rather be associated with adaptive changes in the composition of the secretion, involving the lipid biosynthetic pathways of the gland. It is worth mentioning that more than four decades ago Bollinger and Varga (1961) showed the high content of fatty acids in the plumage of the emu Dromaeus novaehollandiae Latham, 1790 despite the fact that it does not have the gland, suggesting that water birds that have had their gland removed may remain dry because of the water-repellent capacity of the feather lipids.
The results of other studies suggest that the gland in females may be involved in the production and secretion of lipids with female pheromone activity (Kolattukudy and Rogers, 1987) . The anti-rickets effect of secretion from the gland based on its vitamin D content was studied several decades ago (Hou, 1928; 1929; 1930) . However, it was later shown that the presence of the gland was not essential for calcium metabolism altered by rickets, and that the sensitivity threshold for manifesting this disease varied among the different avian species (Rawles, 1960) . Bandyopadhyay and Bhattacharyya (1996; 1999) and Shawkey et al. (2003) The microscopic structure of the gland of Columba livia was studied in our laboratory using histochemical and lectin-histochemical methods. Acidic mucins, neutral lipids, glycolipids and phospholipids were normal components of the tubular secretion. The use of lectins showed the distribution of glycoconjugates during normal secretion in a mixture of lipid and carbohydrate compounds, the composition of which varied according to the stage of cellular differentiation and secretion formation ( Table 1) .
The germinative layer has a very strong binding intensity with some particular lectins, specifically with β-D-acetylglucosamine, N-acetylneuraminic acid and β-D-galactose. The degenerative layer displayed very intense binding specifically with α-D-mannose and α-D-glucose. Intermediate and secretory cell layers showed no significant affinity for any of the assayed lectins. Secretion products showed high affinity for some specific lectins found in the germinative and degenerative layers (Montalti et al., 2001) . Sandilands et al. (2004b) recently demonstrated that the histological characteristics and dimensions of the gland and the quantity of lipids found on feathers of Gallus gallus Linnaeus, 1758 were significantly affected by bird age, in particular during the first few weeks of development (up to 30 weeks).
Gland Physiology
The elucidation of the physiological and biochemical role of the gland has been the subject of numerous studies. However, results have been controversial (Johnston, 1988) . to the homeostasis of lipids or to the regulation of calcium metabolism. Based on the high content of lipids of the gland secretion, we postulated its possible ecotoxicological role in regulating the accumulation and/or excretion of lipophilic compounds. This hypothesis was checked by measuring the accumulation of lindane, an organochlorine lipophilic xenobiotic, in the liver and glands of C. livia after injection of sublethal doses of the insecticide . The results indicated a) a significant amount of the insecticide accumulated in the gland, b) that the lipid content of the gland was not altered, c) that the fatty acid composition profile of the gland lipids did not change relative to controls and, d) that the liver lipid content increased 2 to 4 times relative to control birds. These results suggest that the toxicity of lipophilic products may be regulated by the uropygial gland, which would have the role of capturing and depositing these substances. In addition, the liver weight of the birds exposed to lindane increased significantly. The liver somatic index LSI went from 1.7 (controls) to 2.9 (lindane injected birds); the difference could be attributed to the impact of the insecticide as a consequence of the liver enlargement secondary to exposure to the insecticide due to compensatory proliferation processes (Williams and Iatropoulos, 2002) .
It is interesting that other authors have postulated that the gland may have a role in protecting wild animals exposed to organochlorine insecticides (Charnetski and Stevens, 1974; Johnston, 1976; and to heavy metals which might be of great importance in species inhabiting highly polluted areas (Pilastro et al., 1993; Dauwe et al., 2002) . In relation to this particular role of the gland, it is worth mentioning the results of a recent study (Janssens et al., 2001 ); significant increases were found in the content of 13 heavy metals in feathers of Parus major Linnaeus, 1758 captured in the vicinity of an industrial plant. More recently, Scheifler et al. (2005) reported the presence of mercury in feathers of the king penguin (Aptenodytes patagonicus Miller, 1778) living on remote sub-Antarctic islands.
It is possible that the heavy metals found in feathers may originate either from internal deposition or through the secretion of the uropygial gland during preening. Alternatively, it cannot be disregarded that part of the detected metals in feathers may have originated from external deposition and consequently reflect local environmental contamination levels in a particular habitat.
In connection with the chemical defense mechanisms, Dumbacher (1999) and Dumbacher et al. (1992; 2000) , reported that the skin and plumage of three passerine species of the Pitohui genus may be considered poisonous due to the high content of a steroid neurotoxic alkaloid found until that time only in the skin of some neo-tropical amphibians. These authors attributed this alkaloid with the function of chemical defense against natural predators such as snakes, raptors, and possibly some arboreal marsupials. However, considering that the concentration the gland secretion in plumage hygiene controlling skin fungi and bacteria and ectoparasites (Moyer et al., 2003) . These antibiotic effects are modified when the gland is extirpated, causing significant alterations in the number and shape of the bacteria inhabiting the skin and feathers; these effects could have ecological and adaptive significance.
More recently, Haribal et al. (2005) have presented evidence suggesting that the evolution in the intraspecific qualitative and quantitative variations in preen gland secretion may be attributed to selective pressures caused by ectosymbionts that usually live on feathers and probably co-evolved with birds. Galván and Sanz (2006) have provided evidence of the possible relationship between the number of feather mites and the uropygial gland size in a breeding population of great tits Parus major. Since those arachnids feed on oil that birds spread from their gland, the abovementioned authors hypothesized and showed that the number of mites correlated positively with the size of the uropygial gland of their hosts, suggesting that the size of the gland may explain the variance in feather mite load among conspecifics.
Feathers provide birds with the essential insulation required for controlling body temperature, aerodynamic power required for flight, and colors that may be useful in communication and camouflage. Modified feathers are important in swimming, sound production, hearing, protection, hygiene, water repellence, water transport, tactile feeling, etc. (Gill, 1994; Stettenheim, 2000) . It has been suggested that some of these properties may be associated with uropygial waxy secretion that birds apply on the feathers. However, not all lipids of the plumage originate in the uropygial gland; a proportion comes from the sebaceous secretions of the epidermis.
In considering the physiological role of the uropygial gland, it appears that the gland is not necessarily present in all groups of birds. This fact, observed in a number of species, together with the lack of a clear-cut ecological correspondence suggests that, when present, the function of the gland may be diverse but not essential. In this regard, it is interesting that the extirpation of the gland did not have any serious consequence for the survival of goslings, hens and passerine birds (Jacob, 0 1976; Chen et al., 2003) . The surgical removal of the uropygial gland in Columba livia did not affect the behavior, survival, and body weight gain and feeding rates, over a two-month period 2000; Moyer et al., 2003) .
We measured several biochemical parameters in relation to gland physiology (Montalti et al., 2006) comparing control specimens with gland-removed specimens. No differences were found in serum levels of cholesterol, total lipids, and calcium after 32-120 days. Thus, no alteration in two basic biochemical parameters associated with the metabolism of lipids and in a critical parameter related to mineral homeostasis, was noted four months after ablation of the gland. These results suggest that the uropygial gland may not relate, at least physiologically, off the surface almost without touching the water (see Jacob and Ziswiler, 1982) . If we assume that the volume of gland secretion constitutes a valid parameter for determining the degree of gland development, our results indicate that the physiological role of the gland does not depend upon gland mass. However, the relative gland weight appeared to have no clear relationship with the degree of adaptation to water environment of the species under consideration. For instance, in spite of being a fully aquatic species, the relative gland size of Sternidae was one of the largest among the species studied; similar findings were reported by Johnston (1979) . If the mean gland weight is compared to the body weight of glands in aquatic vs. land birds (Table 2 ), both will show comparable values in spite of their different habitat; for instance, Anas georgica Gmelin, 1789 (0.250%) versus Guira guira (Gmelin, 1788) (0.296%); Pygoscelis adeliae (Hombron and Jacquinot, 1841) (0.159%) versus Colaptes campestris (Vieillot, 1818) (0.174%).
One alternative that should not be dismissed is the likelihood of waterproofing being affected by the feather structure, as shown by Elowson (1984) .
Several authors have reported differences in the relative gland weights attributing them to factors like seasonal changes (Kennedy, 1971) , habitat (Jacob and Ziswiler, 1982) , body weight (Johnston, 1988) , inter-individual variations, and gender (Johnston, 1988) . In our studies statistically significant differences were found in the relative gland size between males and females in most species (see Table 2 ). However, no coherent explanation has as yet been found for these results.
The Chemical Composition of the Gland Secretion
The uropygial gland specializes in the synthesizing of lipids. The chemical composition of the gland secretion has been extensively studied. In adult birds, natural esters are made up of an extraordinarily diverse mixture of fatty acids and long-chain alcohols. The secretion is a complex and variable mixture of substances formed mainly by lipids, aliphatic monoester waxes, made of fatty acids (with various degrees of methyl branching), and long-chain monohydroxy wax-alcohols. However, some types of diester waxes containing hydroxyfatty acids and/or alkanediols exist in the secretions of the gland in some groups of birds (Jacob and Ziswiler, 1982; Downing, 1986; Jacob, 1992) . In addition to branched fatty acids and alcohols, there were also molecules carrying up to four or five methyl groups on internal C atoms of the chain lipids. The secretion was also shown to contain linear saturated fatty acids esterified by linear saturated diols.
The gland showed a very high capacity for de novo fatty acid synthesis, the rate of which showed seasonal variation Kolattukudy and Rogers, 1987; Urich, 1994; Stevens, 1996) .
Some authors have demonstrated sex differences in the chemical composition of the secretion during the reproduction period (Jacob et al., 1979; of this alkaloid is three orders of magnitude lower than that registered in amphibians of comparable size, Poulsen (1993) questioned this function and suggested, instead, that they might have a significant role in controlling and regulating avian ectoparasite arthropods.
Little information is available on the endocrine regulation of the uropygial function and the molecular and biochemical mechanisms involved in the synthesis of glands' lipids. Bhattacharyya and Chowdhury (1978) have shown that in prepuberally castrated adult male pigeons, testosterone administration promotes the synthesis of lipid secretory material of the gland as well as an acceleration of the secretion rate. These results suggested the existence of an androgen regulated mechanism of release of lipids in the gland.
In contrast, Kolattukudy and Rogers (1987) , Bohnet et al. (1991) and Hiremath et al. (1992) have presented evidence that the changes required in the biosynthetic pathways involved in the production and secretion of female pheromones in male and female mallards (Anas platyrhynchos Linnaeus, 1758) can be induced by estradiol. It is interesting to note that estradiol induces the proliferation of peroxisomes the enzymes of which are involved in those biochemical changes. Likewise, the levels of estradiol reach their highest point during eclipse, the post-nuptial molt period. It is also known that thyroxine increases the proliferative effects of steroid hormones. In confirmation of this behavior, the simultaneous injection of estradiol and thyroxine accentuated the above mentioned effects when they were administered separately.
The studies carried out by Asnani and Ramachandran (1993) on male Columba livia have concluded that adrenal corticosteroids play a primary role in maintaining the structure and function of the gland. Their results pointed out the existence of an adrenal-gonadal relationship. They also suggested that thyroid hormones may probably be involved in maintenance of the metabolic functions of the gland.
Gland Size and Habitat
If the function of the gland could be closely connected to the hydrophobic properties of its secretion and were consequently, essential for plumage waterproofing, it could be hypothesized that the size or degree of development in this gland should be greater in aquatic birds than in terrestrial species. To check out this hypothesis, we measured gland mass relative to body mass in 1,164 adult individuals from 126 species and 49 families, concluding that there was no correlation between the degree of development in this gland and the animals' contact with water . The largest gland was found in Cinclus mexicanus Swainson, 1827 (0.7% of body mass) while the smallest was recorded in Bubulcus ibis (Linnaeus, 1758) (0.01%) (Johnston, 1988; .
Within this context of the discussion it is accepted that species that plunge into the water to capture their prey would require larger glands than species that pick their prey Another function of the glands' secretion could be the protection against adverse environmental factors (e.g. temperature variations). That may be the case of secretions that are liquid at room temperature, forming a 1987, Reneerkens et al., 2002) . In this respect, we were unable to find differences in rock pigeon, probably due to the fact that we performed our measurements out of the breeding season. Table 2 . Uropygial gland weight (in g) relative to body mass (gland mass x 100/body mass) in several bird species discriminated by sex. Common names are included. Data is given as mean ± S.D., minimum and maximum values in parenthesis; number of samples, in brackets. Asterisks indicate statistically significant differences (p < 0.01) between males and females (Mann-Whitney U test) (part of the data was taken from . fore not involved in the function of the gland secretion . Another important factor that affect the fatty acids profile of the gland was the age of birds, which, in turn, may be related to sexual maturity and therefore to their hormonal state at the particular moment when the measurements were carried out (Sandilands et al., 2004a) . Most of our experiments were carried out on adult animals, thus the results presented here would not be affected by the age of the birds under study.
Species
To avoid "contamination" of the assayed material from the surrounding tissues that are rich in triglycerides (Jacob, 1975) , the secretion of each gland was analyzed. In this way it was possible to determine precisely the lipid content and its fatty acid composition, which, in turn, is what the birds use in preening their feathers (Moyer et al., 2003) .
The chemical composition of the gland secretion has been suggested as a valuable taxonomic tool (Jacob and Grimmer, 1975; Jacob and Ziswiler, 1982; Hoerschelmann and Jacob, 1996) . Our results suggest that the gland developmental trend was independent of the bird lineage. Thus, the gland is present in phylogenetically distant birds (e.g. Tinamidae-Hirundinidae) or absent in phylogenetically close taxa (some Psittacidae-Columbidae). Sweeney et al. (2004) showed that the feather wax composition is unlikely to be highly informative for reconstructing phylogenetic relationships. Levy and Strain (1982) have also noted that the use of the secretion's chemical composition with chemotaxonomic purposes could be inappropriate considering this a parameter with a large amount of circannual variations associated to bird reproduction cycles, and conditioned by environmental, hormonal and physiological factors.
The information available in connection with the function of this gland, which is known to be present only in birds is, for the time being, only partial. However, this provides the means to establish that the uropygial gland is a very variable organ in regard to morphology, chemical composition of its secretion, and the variety of functions it is involved in. These observations, as a whole, suggest this gland is a functionally plastic organ, involved in the permanent dry film when exposed to air and would therefore act as protective factors preserving the structure of feathers.
The chemical composition of the gland's secretory lipids may vary according to the developmental (Kolattukudy and Sawaya, 1974) or breeding stage. Kolattukudy et al. (1991) noted chemical differences in Anas platyrhynchos between the time immediately after hatching and later when the down feathers are replaced by adult feathers. The initial long-chain wax esters were replaced by short-chain esters (Kolattukudy et al., 1987) . Piersma et al. (1999) and Reneerkens et al. (2005) showed that the usual mixtures of monoester preen waxes of Calidris canutus (Linnaeus 1758) at the beginning of incubation are replaced by mixtures of less volatile diester waxes, probably more difficult to smear onto the plumage; they set forth the hypothesis that diester waxes reduce bird smell and thereby reduce predation risk. This fact would represent an important selective advantage for the birds (Reneerkens et al., 2006) .
The fatty acid composition of the lipids in both the uropygial gland in the rock pigeon and its secretion were determined in our laboratory. Measurements were carried out to establish the amount of secretion, the total lipid content and the fatty acids composition of the secretion. The fatty acid composition of the lipids extracted from the gland secretion consisted of C14 to C20 chains, most of which unsaturated, with a prevalence of oleic acid and a low content of linoleic and arachidonic acids. The saturated long chain fatty acids were mainly 14:0, 16:0 and 18:0 (Montalti et al., 2005) .
The percentage of saturated fatty acids in the secretion was lower than that of the unsaturated in both sexes; the saturated: unsaturated ratio was 0.58. However, when the profile of these fatty acids was determined in the whole gland, the ratio was 1.17 (Table 3; Gutiérrez et al., 1998) . This finding must be interpreted as a consequence of the different chemical composition of the conjunctive capsule, which was analyzed together with the glandular secretion. In analyzing the whole gland, the measurements include some compounds that are not part of the secretion (e.g. conjunctive tissue) and there- Table 3 . Fatty acid composition of total lipids from the whole Rock Pigeon Columba livia uropygial gland and its secretion. Data is expressed as a percentage; mean ± S.D. Mean body weight of the birds, 443 g (data from Gutiérrez et al. 1998; Montalti et al., 2005 
